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SUT~ARY
In the 1906 "Proceedings of the American
Academy of Arts and Sciences", there appeared a
paper by Dr. A. E. Kennelly, "An Approximate Law
of Fatigue in the Speeds of Racing Animals", in
which he very clearly shows that a runner can
achieve the best possible time over a given dis-
tance if he runs the entire distance at a constant
speed. Because this theory has, in recent years,
come to be accepted by track coaches, it was felt
that an apparatus which could be used to train
runners to run at an even pace, would be very
useful. With this in mind an electrical pacing
mechanism was designed and constructed.
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i INTRODUCTION
The proper training of runners to main-
tain an even pace is vital to their success. Pre-
vious belief in the advantage of sprinting at the
beginning or end of a race has, in recent years,
been proven unsound. To quote Dr. A. E. Kennelly
from his paper, "An Approximate Law of Fatigue in
the Speed of Racing Animals",
"The time varies approximately inversely
WORK OF
DR. A E. as the ninth power of the speed in the
ENNELLY
race.
T c seconds
-1'-
(Where T is the time, c is a constant
depending on the type of race, and V
is the velocity in meters per second)
If we assume that the racer reaches the
winning post virtually exhausted, so far
as affects racing effort, then the time
of exhaustion varies inversely as the
ninth power of the speed. "
"Now if, as appears from the whole
series of records, the time of exhaus-
tion varies inversely as the ninth power
of the velocity, and this condition
_ __I~I~_
applies within the limits of any single
race, then it is easily seen that the
quickest way to reach the winning post
is to take at the outset that speed
which will just produce exhaustion at
the goal, and keep to that speed through-
out the course. The penalty for raising
the speed at any part would be a degree
of untimely exhaustion far outweighing
the benefit gained."
IDEAL AND Dr. Kennelly goes on to suggest
PRESENT
IETHODS that a good method for training
OF PACING
runners would be to have them pace
an automobile and as they gradually
became accustomed to pace, "the uniform speed of
the motor over the course should be raised, say,
one percent at a time" until the desired speed is
obtained.
It is readily seen, however, that this
method is very impractical in view of present day
track construction. An ideal method of training,
on the other hand, would be with the use of a
"mechanical rabbit", but this too is undesirable
from the standpoint of cost and complication.
4At the present time, the most widely used
method for pacing a runner is by measuring his time
per lay with a stop watch and calling it to him as
he goes by. This method has the two distinct dis-
advantages that the distances for which he is timed
are too large and that the runner has to convert
the time given to him into his own pace and try to
figure out for himself, while he is running, just
how much to change his pace in order to alter his
time by a certain number of split seconds.
PACING It is for these reasons that the
IMETHOD
CHOSEN design and construction of a prac-
tical apparatus for teaching runners
to maintain an even pace, was undertaken. An appar-
atus has been assembled for application to the 1A2
mile board track at the Massachusetts Institute of
Technology. Four posts were placed on the inner
edge of the track at the quarter lap distances of
110 feet which indicate the proper position of the
runner when a bell, actuated by the pacing mechanism,
is sounded. Consequently, by means of the posts and
the ringing of the bell, a runner is able to conform
very nearly to constant pace. The bell is operated
by an adjustable relaxation oscillator that may be
set for any given speed within a wide range of
5speeds suited to the ability of the runner. The
actual calibration of the apparatus is, for the
convenience of the coach, given as the time re-
quired for the completion of one lap.
THE PENALTY FOR UNEVEN PACE
On the assumption that Dr. A. E. Kennelly's
ninth power law of fatigue is correct, it is possible
to determine the penalty paid by the runner for run-
ning at an uneven pace.
AN !EXPRES-
SION FOR THE
PENALTY OF
'UNEVEN PACE
If we let:-
E = Energy Available
dE
dT = rate of expenditure of energy
Now the rate of expenditure of energy increase with
the speed of the runner,
dE
= f(u)dT
Over a course of length L, run at a constant speed
V in time T,
dE
-- x T = EdT
But, according to Dr. Kennelly,
8
T 2 -V-9
dE E V
dE L dT
E Ci T
Solving this equation for E,
E = Ke X
VT L 8C8TVhere x = -V8 = -8c -C8T L
_ __~ -_-SI~C~Y~_
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@ @ E (L)
= jrT
We may take it that a runner has available an
amount of energy, E, depending on his physical
condition, that is to be used to the greatest
possible advantage in running a fixed distance
in the shortest time. This expression for the
energy allows us to evaluate the approximate mag-
nitude of the penalty for running at other than
a constant pace.
If we assume that the runner is to run
the given distance by running the first half in
a time T = (1 + a), where a is small and equal to
the maximum relative deviation from his average
speed, and the last half in a time T = (1 - a),
we can solve for the proportionate increase in
his average time.
Let:
T1 = (1 + a)
T2 = (1 - a)
Ta =+ T2  = (1 + b)
2
where b = proportional increase in average time.
By arbitrarily taking various values of a it is
possible to draw a curve showing the increase in
the runner's time caused by his uneven pace.
S8
DESCRIPTION Figure 1, on the next page, shows
O F GRAPH
three such curves.
Case I: As described above where the runner
runs the first half of the distance in a
time (a) parts faster than average and the
last half in a time (a) parts slower than
average.
Case II: The runner runs the first third in
a time (a) parts faster than average and
the last two-thirds in a time ( ) parts
slower than average so that the two shaded
areas are equal.
Case III: The runner runs the first fifth in a
time (a) parts faster than average and the
last four-fifths in a time-(a) parts slower4
than average so that once again the two
shaded areas are equal. All three curves
are plotted holding T1 constant, that is
the first part of the race is always run
in a given time TI = (1 + a).
EXAPLE From these curves, the value of train-
USING
CURVMS ing a runner to run at a constant speed
or pace is readily seen. For example, looking at
Figure 1, and assuming that the runner's maximum
THE- EFFECT OF CHANGING
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relative deviation from his average speed is 0.05,
then the proportional increase in his average time
is for Case I = 0.0085; for Case II = 0.0175; and
for Case III = 0.0223. The amount of energy used
in each case is the same, but the time required to
run a given distance is more. In other words, this
clearly shows that for a given amount of energy,
the shortest possible time required to run a given
distance, is realized when, and only when, the runner,
runs at constant speed over the entire distance'
- -
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APPLICATION
The apparatus was constructed primarily for
application on the Massachusetts Institute of Tech-
nology 1/12 mile board track, however it is flexible
enough to be used elsewhere provided proper care
is taken in setting up the posts corresponding to
the calibration.
INSTALLATION Posts have been placed on the inner
edge of the track at each quarter lap
distance of 110 feet making a total of four per lap.
Figure 4 on the following page shows a plan of the
board track and the position of each post. In the
center of the track is a large bell which is operated
by the pacing circuit. This bell rings every time
the runner should be opposite one of the posts.
EXA1PLE For example, the dial is set for the
OF USE
time the runner wishes to run per
lap. Leaving the starting post when the first bell
rings, the runner should run at a constant pace so
that he will be opposite each succeeding post at the
ringing of the bell. In this manner the runner
knows every 110 yards just how wrong his speed is
because if he reaches a post before the bell rings,
he knows that he is going too fast and should slow
__11~1_ 1__~
FIGURE 4
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down, while on the other hand if the bell rings
before he reaches a post; he knows that he is going
too slow and should speed up.
ADVANTAGES This system has two main advantages
OVER OLD
M~THOD over the stop watch method because
the runner knows at shorter intervals
of time just how he is performing and it is easier
for him to judge how much to change his pace in
order to get into step with the bell. It also al-
lows the coach more freedom so that he may work on
the runner's form and style or it can be used for
self-training since the pacing is done automatically.
TRAINING After a runner has been trained to
PRECAUTIONS
run at an even pace at a slow speed,
it is possible gradually to increase
his speed, until his maximum speed is reached.
Precautions must be taken not to use the pacer too
often so that the runner becomes accustomed to it
and can't run properly without it. The best method
would be to use it for several days, then let him
run for a few days without its aid, repeating this
procedure until he has reached his maximum speed
and learned pace. The further he progresses along
these lines the less the pacer should be used.
I _ 1_1_ ^I~ j __ II
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It is important that runners be instructed not to
change their pace abruptly and speed up or slow
down too quickly when they are out of step with
the bell because this tends to defeat the purpose
of the system. He will also find himself "jockey-
ing" back and forth, just ahead of the bells and
then behind them without ever getting into step
if he changes his pace too much. Since the runner
is trying to learn constant pace he should make
his changes in pace so gradual when he attempts
to get back into step with the bells, that it takes
him several posts to do it.
I_ _ _ __~sll_ I__
THEORY OF CIRCUIT USED
After investigating several different
types of apparatus for conveying constant pace to
runners, it was decided to use a relaxation oscil-
lator to operate the bell placed in the center of
the field. This type of oscillating circuit seemed
to be the simplest, easiest to operate, most rugged,
and proved capable of giving the accuracy and
stability required.
OPERATION OF The operation of the relaxation
RELAXATION
OSCILLATOR oscillator is like that of the
multivibrator.1 In the circuit
diagram, Figure 2 on the following page, T1 the
53 type tube, is the oscillating tube which con-
sists of two triodes in one glass envelope. Assum-
ing the one on the left is tube I which is con-
ducting while the one on the right, tube II is
not conducting, it is possible to analyze the
operation of the circuit. 'With these conditions
and the assumption that the voltage drop through
either tube is negligible when the tube is
1 Carroll, Daniel R., A Highly Stable Relaxation
Oscillator for the Range of 55 to 65 Cycles
per Second, M. I. T., B. S. TheTs, 1936.
_ ~~ ~_ I____~~_ Z~_~~~_i _ ______1 __ __ ___
k
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Rl= 00,o00 0 I T = 53 TYPE TUBE
R 9/o,000o T= STROBOTON
CIRCUIT DIAGRAM
FIGURE 2
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conducting, the grid voltage gl, of tube I, with
respect to the cathode is practically zero, and the
condenser C1 which is connected from grid of tube I
to the plate of tube II, is charged to a potential
of E1 . Now if tube II suddenly starts to conduct
both the plate and grid of tube II are practically
at cathode or zero potential, and 01 having a poten-
tial of E1 across its terminals throws the potential
gl down to -E 1 . Tube I is immediately blocked and
condenser C1 is now discharging through R2 the grid
resistor of tube I and the potential of gl is rising.
If nothing were to occur, current would continue to
flow through this grid resistor R2 of the first tube
until C1 was charged to a potential of E2 in the
o'posite direction. However, the current is de-
caying, thus lessening the voltage drop through
the grid resistor R2 of the first tube and raising
the voltage of gl. When gl reaches the proper value
of voltage which is somewhere near the bias voltage
of the tube, tube I starts to conduct. During the
time tube I was not conducting, C2 has had time to
charge up to a potential of E1 . R2 is made small
enough to insure this. When tube I, then, starts
to conduct, tube II is blocked and the cycle is re-
peated for tube II.
- -
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MVAT HLMATICAL The following mathematically analysis
ANALYSIS OF
CIRCUIT of the circuit was worked out by
Professor H. E. Edgerton.
As tube II starts to conduct, the
total voltage sending current through the grid re-
sistor R2 of the first tube, is (El + E2). The
expression for the current flowing through R2 is
S= e R2 C1
or the voltage drop
Ri = R(El + E2) t
R -R 2 1
Since, to get the equation of the voltage of gl
as a function of time, it is necessary to find the
voltage gl, which is (E1 + E2 ) minus the voltage
drop through R2
tgrid voltage = (E2 + El) - ( 2 + El) R201
= (El + E2 ) (1 - 2 RCl)
which is the grid voltage with reference to -E1.
Subtracting E1 from the expression gives the voltage
of gl', with respect to the cathode potential which is
zero.
16
. . grid voltage = (E2 + El) (1 - R2C ) - E
Tube I begins to conduct when the voltage of gl is
practically zero. Setting the expression for the
voltage of gl equal to zero,
(E 2 + E1 ) (1- - 2RC1 ) - E 1 = 0
or 
- R2 01 E2+E
Solving for tl
TI = R2 C1 In E2+E
E2
This gives the time that tube I is not conducting.
A similar expression for tube II is,
t2 = R2 C2 n E2 E1
E2
where R2 is the grid resistor of tube II. The
total length of the time for a complete cycle is
the sum of the tl and t2.
(t 2 + t1 ) = t = (R2C1 + R2C2 ) In E2+El
E2
1 1 1
Frequency 
~ (R2 C1 +R2C2) In E2+El
E2
Since R2C1 = R2C2
1frequency = 2 R2 C ln/E2+ElSE+E2
This can be expanded into a rapidly converging
iseries to the expression:
frequency = 1 = 1 + ( )
t -R 2 0 E
or t = 2 R2 C (2 E2 +1 )
DETERJiINATION It must be remembered that this
OF CAPACITANCE
derivation does not take into
account any other impedances in
the charging and discharging circuits, assuming
them negligible compared to R2 and R2 , which is
not the actual case.
By substituting in this equation when
t = 4 seconds and R = 1 megohm where E1 = E 2 , it
is possible to solve for the value of C.
t = R2 C ; when E1 = E2
3t 3"4
or c = = 2x = 6 x 10 6 fd.
But as was mentioned above this proof has not
taken into account the leakage resistance of the
condensers or tubes nor any of the other impe-
dances of the circuit, except the grid resistors,
consequently after experimenting with the circuit
it was found that in order to get a time interval
_
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of 4 to 7.5 seconds per cycle, it was necessary to
use condensers of 4 mfd. and resistors R2 equal to
0.91 megohms. The leakage of the condensers is a
very important factor.
CORRECTION In order to be able to compensate
FOR EFFECTS
OF TErPERATURE for the effects of temperature a
25,000 ohm potentiometer was placed
in series with the grid resistors and the variable
arm of the calibrated resistor. The calibrated re-
sistor was calibrated with this tecperature correct-
ing resistor set at mid-point so that by increasing
this resistor the time increased and by decreasing
it, the time also decreased. It is set at the
proper position by timing the bells with a stop
watch for one lap and setting the correction dial
for plus or minus the amount that the apparatus
is off. The effect of this adjustment is constant
over the entire range of the calibrated resistor so
that if it is set properly for one time interval it
corrects the calibration of the entire dial.
STARTING The connection of a switch into the
SWITCH
circuit to ring the bell at the
proper time at first presented a problem. Some way
had to be found to ring the first bell when the
runner is opposite the first post. It was finally
19
decided that if the circuit could be made to ring
the bell when the switch was thrown, at the same
moment the starting gun was fired, the second time
the bell rang would indicate the proper time for
the runner to be opposite the first post. To ac-
complish this the switch would have to be so con-
nected that one of the tubes is ready to fire, that
is to say, the condensers are all charged and the
moment the switch is thrown, the tube would fire,
then the other tube would fire when the runner
should be opposite the first post and ring the bell.
This was done by disconnecting the plate of tube II
and connecting it to the center terminal of a
S.P.D.T. switch, (S in Figure 2), one side to ground
and the other to the condenser and resistor where
it belongs when the circuit is operating. Now when
the switch is thrown so that the plate of the tube
is grounded, the condenser C2 charges up to its
maximum potential and is ready to fire the tube
when the switch is thrown to the operating position.
STROBOTRON Having designed the oscillating cir-
CIRCUIT
cuit it was necessary to find a
means by which the oscillations
could actuate the bell. A cold-cathode arc-discharge
tube, the strobotron, was finally chosen. The circuit
__ __ 
___ I__~
20
diagram shows how this tube is connected to the
osicllating circuit; every time one of the two
oscillating tubes discharge, a voltage is induced
across the inner grid of the strobotron which is
sufficient to initiate the discharge. When the
tube discharges, it permits a large current to flow
through the plate circuit in series with the solenoids
of the bell and which consequently rings the bell.
VOLTAGE Since this current is quite large,
REGULATOR
every time the bell rings the voltage
from the power supply tends to vary considerably.
Because of this and also the fluctuation of the
line voltage, it was felt that some type of voltage
regulation would be needed for the voltage supply
of the oscillating circuit. A type VR 150 glow
discharge tube is used for this purpose. It is in
parallel with a bleeder resistor which is in series
with another resistor the value of which depends on
the magnitude of current drawn. The regulated volt-
age is obtained across the bleeder. As this voltage
tends to drop the glow tube draws less current through
the resistor in series with itself and the bleeder,
thereby causing a smaller voltage drop across this
resistor and consequently increasing the voltage
across the bleeder and vice-versa. The type of gas
L-d------ --- -II---~-~---- ~- - -~--~ I
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employed in the tube determines the value of the con-
stant voltage which may be obtained from a certain
tube. A meter placed across the bleeder resistor
did not indicate any voltage fluctuation when the
line voltage was varied 10% or when the strobotron
flashed.
EFFECT OF The power supply had to be very well
RIPPLE IN
POWER SUPPLY filtered. Any ripple superimposed
upon the charging voltage of the con-
denser might cause the condenser to be charged to
the required voltage for firing the tube at a slightly
different time interval depending on the amount of
ripple. This is more easily seen from the Figure 3.
The point where the dotted line crosses the required
voltage line for firing the tube,
FIGURE 3
~s~-~L--- L------~------ --- CIC- I
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represents the length of time it takes for the charge
on the condenser to reach the proper magnitude for
firing the tube. If some ripple is superimposed upon
the charging current, it can easily be seen that the
tube might fire sooner or later than it is supposed
to, depending on the magnitude of the ripple and its
phase with respect to this point. This effect would
naturally tend to average out over several periods,
but it would be very detrimental because the time
interval between bells would be different and hence
not constant enough for teaching pace.
To insure adequate filtering, therefore,
two 8 mfd. condensers were shunted across the out-
put of the rectifier tube on each side of a series
choke. The plate of the strobotron is connected
directly to the filament of the rectifier so that
the large current drawn by the strobotton every
time it discharged, would not cause unnecessary
voltage fluctuation because of the voltage drop in
the choke.
DIFFICULTIES During the experimental work, labora-
ENC OUNTERED
tory parts were used; for the con-
struction of the final apparatus, new parts were
purchased. After the apparatus was assembled, it was
23
necessary to calibrate the variable resistor which
determines the period of the oscillations. It was
found that the Vest way to accomplish this was by
direct experimentation since the resistance of the
variable resistor was found to be non-linear with
respect to the angle transversed. If this resistor
had been linear, the angle between two consecutive
time intervals would be inversely proportional to a
constant multiplied by the time. In order to over-
come the non-linear effect of the resistor, an
electric stop clock was connected in place of the
bell in the strobotton circuit by means of a relay
and the resistor was thus calibrated.
CORNDELSER The only other unusual difficulty
TIME CONSTANT
TROUBLE encountered after the construction
was that the frequency of oscilla-
tion tended to change, consequently shifting the
calibration after the apparatus had been turned on
for almost an hour. At first it was felt that this
was due to the effect of temperature, but this was
eliminated when it was found that if the power was
turned off for about thirty seconds and then turned
on again, the calibration returned back to normal.
Further investigation showed that if the condenser C1
~- -~i-- I I--- -~
to
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(Figure 2) was discharged by placing a short circuit
across it, after the calibration had shifted, it re-
turned to normal again. Short circuiting had no
effect on C2. In view of these conditions, the
Solar condensers which were used at first were re-
placed by Sprague condensers. This remedied the
situation and the oscillating ci ruit maintained
its calibration for several hours.
Changing the condensers also eliminated
a "dead spot" in the calibrated control. That is,
as the dial was rotated to increase the resistance
and hence the time per cycle, a point was reached
where, instead of the time per cycle increasing,
it decreased to a certain minimum value and then
began to rapidly increase again. It seems that the
Solar condensers became polarized and that others
have had similar trouble when using them in time
constant circuits.
DESCRIPTION On the following page are two pic-
OF PICTURES
tures of the apparatus. Figure 4A
shows the front view of the apparatus in the cabinet.
The large dial in the center is calibrated in
"seconds per lap for a twelve lap per mile track",
and is set according to the ability of the runmer;
25
Figure 4A
h
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Figure 5
the small dial in the corner is for the correction
of effects of temperature; the switch on the left
is for starting while the one in the center is the
power switch. Figure 5 is an end view with the
cabinet removed. The two tubes in the rear of the
chassis are the 53 and the 80, placed as far as
possible from the calibrated variable resistor in
an effort to eliminate any changes of resistance
due to temperature. The two smaller tubes are the
voltage regulator and the strobotron. The control
Inob at the top of the transformer is for control-
ling the grid voltage of the strobotion; once this
is set it does not require any further adjustment.
All resistors and condensers which might be effected
by the heat from the tubes or transformer and con-
sequently change the calibration, have been.placed
on the under side of the chassis.
~~ .~aUY~Ltu. -. - --r--
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ACTUAL TESTS
ACCURACY The first tests were made in the
TESTS
laboratory to determine the accuracy
of the device. In designing the circuit it was felt
that as long as the time intervals were constant,
the time as marked on the dial could be a little off
as far as training purposes were concerned. How-
ever, if a runner decided to clock the bells with a
stop-watch and found them to be in error at the
end of a mile, he might tend to lose confidence.
Consequently, it was decided to make the apparatus
accurate to within one-tenth of a second for a
four minute mile. That means an accuracy of
0.1 x 100 0.04%. During actual tests with un240
electric stop clock operited by means of a relay in
the strobotron circuit to eliminate any human error,
the apparatus was accurate to better than one-tenth
of a second in 500 seconds or 0.1 = 0.02%.
500
FIELD TESTS The tests made on the track itself
with the aid of several runners
proved the value of such a method for training run-
ners to run at an even pace. All the twelve of the
runners who experimented with the apparatus seemed
I*DU ll~ -
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to feel the same way towards it when asked how and
what they thought of it. They all answered to the
effect that they were very much in favor of it and
enjoyed using it, that it was very helpful and that
after using it several times it became very much
easier to follow the bells. It was interesting to
note that among the fellows who knew nothing at all
about pace, some had a harder time getting used to
the idea of pacing the bells than others. The few
fellows who knew pace and tried the apparatus, had
very little trouble and fell into stride with the
bells almost immediately.
One freshman who, according to Mr. Hed-
lund, the coach, had no idea whatsoever about pace,
was experimented with for six different but not
consecutive days. The first day he could not come
near getting into step with the bells, the second
he improved a little, the third a little more, etc.,
until on the sixth day for two different trials he
was perfectly in step with all bells. This is a
good example of how a poor runner can be taught to
run at constant pace very quickly and then slowly
his speed can be increased with the aid of this
device, always making sure that his pace is constant.
~~~II ~ _ 
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